Abstract In a poloidal field (PF) converter module, fuse protection is of great importance to ensure the safety of the thyristors. The fuse is pre-selected in a traditional way and then verified by finite element analysis. A 3D physical model is built by ANSYS software to solve the thermalelectric coupled problem of transient process in case of external fault. The result shows that this method is feasible.
Introduction
The poloidal field (PF) coils power supply for the international thermonuclear experimental reactor (ITER) is a typical twelve pulse controlled rectifier, and a thyristor is chosen to be the semiconductor switch [1, 2] . PF coils are the key components in plasma position shape control for the tokamak device, thus, the reliability of PF power supply system for ITER must be assured during operation [3, 4] .
A fuse is a simple but efficient circuit protection device. High speed fuses have similar thermal characteristics to semiconductor switches, and they have been widely used for protecting power semiconductors, such as thyristors [5] . Thus, a high speed fuse is chosen to be the primary protection of a PF convertor. In general applications, a fuse is selected by empirical formula. Since the correction parameters are given by thermal test according to IEC standard, or empirical estimates, it is not possible for them to accord with real conditions very accurately. A better approach to verify the fuse is to build a fuse model and analyze it under actual working conditions. The fuse will be selected in traditional way and its performance will be verified by finite element method (FEM). The lifetime of a fuse is mostly affected by rising temperature, but the entire temperature rising process is instantaneous and non-linear. It is difficult to get an analytical solution of the problem, so numerical simulation is a good choice [6] . In this paper, a three-dimensional (3D) thermal-electric coupled finite element model is built in ANSYS software to analyze the transient thermal behavior of the fuse.
2 Thermal-electric coupled analysis of fuse
Thermal analysis
The fuse link is the key component of the fuse. When the fuse works, the resistance of the fuse link to heat dissipation increases with increasing temperature, and heating power of the fuse increases with resistance, too, which will lead to temperature rising in reverse. This process is non-linear [7] . To analyze temperature rising of the fuse link, an infinitesimal volume dv is picked up, as seen in Fig. 1 . When the temperature of dv rises in dθ, the heat required is
where C is heat capacity of the material and δ is density. During infinitesimal time dt, heat dissipated to the environment is
where K is the total heat dissipation coefficient, A is the heat dissipation area, θ is temperature of volume dv, and θ a is ambient temperature. In the transient process, heat conduction along the zdirection can be ignored because the thickness is small. During infinitesimal time dt, heat conducted to the next dv is
where λ is heat conduction coefficient, and x is the axial coordinate.
Heat power of dv is
where R θ is the resistance of dv, and i is current. For a metal fuse link, the resistance at temperature θ is
where ρ 0 is resistance coefficient at temperature zero, α is resistance-thermal coefficient, dl is infinitesimal length, and S is cross section area. According to conservation of energy,
In the transient process, heat dissipated to the environment can be ignored because the time is too short. Substituting dv =dl ·S, i = S · j into Eq. (6), we get
where j is current density. The boundary conditions for thermal equation are
This means that during the transient process, the heat dissipated to the filler can be ignored, and temperature at both ends of the fuse is given.
Electric analysis
When current flows through the fuse link, the current density vector J satisfies
Namely ∇ · ϕ ρ θ = 0, where ϕ is electric potential, and ρ θ = ρ 0 (1 + αθ). For the fuse, the current component along the z-direction is zero, so ∂ ∂x
The boundary conditions for electric field are
which means that voltage of one end of the fuse is zero, and the current through the other end is given. For practical applications, the material physical characteristics of the fuse are known, and all the boundary conditions in Eqs. (8) and (11) are given, too. Thus, the thermal-electric coupled Eqs. (7) and (10) could be solved using a numerical solver. This is the foundation of the finite element method for fuse verification [7] .
3 Fuse pre-selection with traditional method
Fuse pre-selection
The rated voltage of a PF converter is 1000 V, so the rated voltage of the fuse must be higher with some margin, i.e. a 1100 V fuse can be selected. The rated current of the fuse is based on the temperature rise test, and the test condition is defined by the IEC standard. But in practical applications, the working condition of the fuse is varied and always different from that of the IEC standard, thus, in order to make the current rating calculation close to reality, the correction factors should be applied [8−10] . Fuse location is shown in Fig. 2 . For arm fuses, the rated current should be calculated as follows:
For a PF converter, when one thyristor fails, the bridge arm should be able to work with P -1 thyristors in parallel, so (12) and (13), the rated current of the fuse should be
The pre-selected fuse could be a 1100 V/2750 A fuse manufactured by Mersen (former Ferraz). The basic data of the fuse are shown in Table 1 . 
Fuse verification in traditional method

Protection of thyristors
When a thyristor fails, the circuit is under an internal fault and the fuse must melt immediately to protect the failed thyristor from explosion and isolate the fault circuit successfully [11] . An internal fault is simulated in MATLAB software, and the current is shown in Fig. 3 ; the peak value of the first impulse is 376.7 kA, then the symmetrical I rms = 376.7 kA/2.5= 150.7 kA (assumed power factor cosϕ = 0.085). The breaking capacity of the pre-selected fuse is 235 kA, so its breaking capacity is high enough to isolate the fault circuit.
For the thyristor, there exists limiting load integral I 2 t which is the judgment of thyristor explosion. To avoid thyristor explosion, the fuse operating I 2 t should be less than the allowable I 2 t of the thyristor [9, 12] . So the judgment criterion is [13] 
The time-current characteristics curve is given by the manufacturer, as shown in Fig. 4 [14] . It can be seen that the pre-arcing time is about 2.465 ms (the point of intersection). The total operating I 2 t and operating time of the fuse are shown in Fig. 5 [14] . Fig.3 Fault current of the failed thyristor in case of internal fault. The peak current of the first impulse is 376.7 kA at 10 ms, and the root mean square value (R.M.S. the red curve) is 267 kA at 15 ms For pre-arcing time t pre =2.5 ms, the total operating time is 9 ms, and I 2 t fuse =21.82 MA 2 s. The allowable I 2 t of a thyristor is shown in Fig. 6 [15] at time t=9 ms, the maximum let-through I 2 t is I 2 t thyristor =37 MA 2 s> I 2 t fuse /0.9, thus, the failed thyristor will not explode while the fuse is operating. 
Cooperation with circuit breaker
According to the design requirement, the fuse will melt only in the case of thyristor failure; and in case of an external fault, all fuses and thyristors must be undamaged when the circuit breaker interrupts the fault current. In other words, the fuse in the most-overloaded arm should be able to withstand the fault current in the first half wave (15 ms) and before the circuit breaker trips off (80 ms) [11] . According to a famous fuse corporation's application experience and suggestion, the safety margin should be at least 0.25, so the judgment criteria are I 15ms fuse I 15ms pre−arcing < 0.75,
and I 80ms fuse I 80ms pre−arcing < 0.75,
Among the three kinds of external faults, the fault of a DC short upstream DC reactor is the most serious one; poor discrimination between protection devices can cause upstream device operation. The faulty case is simulated in MATLAB software, and the current is shown in Fig. 7 . Considering the worst condition, where one thyristor has been cut off from the circuit and the arm works with 11 thyristors in parallel, then the maximum current of the fuse could be:
The Ferraz 1100 V 2750 A fuse has I melting @15 ms = 42000 A and I melting @80ms = 35000 A (see in Fig. 4 This fuse can withstand this kind of overload condition. Obviously, it can withstand other kinds of overload, too.
Fuse verification with FEM 4.1 Physical model of fuse
ANSYS software produced by ANSYS, Inc. is a good general-purpose software for finite element analyses, covering structure, fluid, electromagnetic field, thermal field, sound field as well as multi-physics coupling field, the software can deal with steady-state and transient, linear and nonlinear problems [16] . In this paper, ANSYS software is used. A fuse generally consists of fuse link, filler and shell. The pre-selected fuse consists of four fuse links in parallel, and fuse link distribution is symmetrical. To simplify the analysis, a quarter fuse model will be built, as shown in Fig. 8 . Fuse link material is silver, filler material is quartz sand and shell material is copper. Size of the fuse link is 90 mm×6 mm×1.9 mm, radius of U-groove is 2.5 mm, number of U-groove is 5. 
Finite element analysis
Basic setting of the problem
In a PF converter, there are several kinds of external faults which the fuses must be able to withstand. In this paper, a DC short upstream DC reactor fault is selected to be the example for verification.
The element of the model is solid 226 which can be used for thermal-electric coupled field analyzing. In this problem, electrical conductivity of silver is not linear, thermal-electrical coefficient must be applied, and the material of the fuse link is isotropous. In a PF converter, a fuse is fixed between a fuse busbar and AC busbar, namely one end connects to the fuse busbar, and the other end connects to the AC busbar. Water temperature of the water-cooling system is 40
• C, so the temperature is 40
• C at both ends. For the fuse link, voltage difference of the two ends changes by current during fault time; to simplify the analysis, voltage of one end could be set to 0 V.
Analysis of the transient process
Before transient process analysis, the initial temperature distribution of the fuse must be known. The current in steady state is the working current of the fuse, I steady =
≈ 1852 A, and the current of the quarter fuse model is about 460 A. In steady state analysis, all the cooling conditions should be applied, including heat conduction, heat convection and heat radiation. The steady state simulation result is shown in Fig. 9 . The maximum temperature is 45
• C in working conditions. In the transient process, excitation is a transient fault current arising from an internal fault or DC short upstream DC reactor, as shown in Fig. 3 and Fig. 7 . Since the transient time is very short, heat convection and heat radiation can be ignored; during the transient process, heat conduction to the filler is also ignored, because thermal conductivity of the fuse link is far more than that of the filler. Only the heat conduction along the fuse link is taken into account.
For an internal fault, the simulation result is shown in Fig. 10 . The maximum temperature in the narrow region reaches the melting point (962
• C), that means the fuse link starts to melt.
For DC short upstream DC reactor, the key points in time are 15 ms and 80 ms, the transient process simulation results are shown in Fig. 11 and Fig. 12 . The maximum temperature of the fuse link is 692.4
• C at 15 ms and 433
• C at 80 ms, which are lower than the melt point of silver. However, the temperature rise in this case is quite high, which will lead to the fuse ageing very quickly. 
Brief summary
From the results of finite element analysis, it can be seen that the narrow region starts to melt first when the fault current is very large in the case of an internal fault. In the case of an external fault, the maximum temperature is lower than the melting point of silver, and the fuse can withstand the external fault current without problem. Peak temperatures appear in a narrow region of the fuse link. Thus, it can be inferred that the shape and number of the narrow regions play a significant role in fuse performance, and this is a cardinal principle in the fuse design, too.
Conclusion
According to the analysis above, it can be seen that finite element method can successfully verify the performance of the pre-selected fuse, and the result is consistent with that of the traditional method. In addition, the result of the finite element method is more intuitive. In fact, this method can not only be used in fuse verification, but also be used in the fuse design. The preselected fuse can meet the requirements for protection. However, in preliminary design, the fuse protection is mostly based on engineering experience and simulation analysis. The fuse has to be tested to verify its performance in experiments before use. This will be done in the final design in the near future.
